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Using three-dimensional (3D) stereophotogrammetry precise images and reconstructions
of the human body can be produced. Over the last few years, this technique is mainly being
developed in the field of maxillofacial reconstructive surgery, creating fusion images with
computed tomography (CT) data for precise planning and prediction of treatment outcome.
Though, in hand surgery 3D stereophotogrammetry is not yet being used in clinical settings.
Methods
A total of 34 three-dimensional hand photographs were analyzed to investigate the repro-
ducibility. For every individual, 3D photographs were captured at two different time points
(baseline T0 and one week later T1). Using two different registration methods, the reproduc-
ibility of the methods was analyzed. Furthermore, the differences between 3D photos of
men and women were compared in a distance map as a first clinical pilot testing our regis-
tration method.
Results
The absolute mean registration error for the complete hand was 1.46 mm. This reduced to
an error of 0.56 mm isolating the region to the palm of the hand. When comparing hands of
both sexes, it was seen that the male hand was larger (broader base and longer fingers)
than the female hand.
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Conclusions
This study shows that 3D stereophotogrammetry can produce reproducible images of the hand
without harmful side effects for the patient, so proving to be a reliable method for soft tissue
analysis. Its potential use in everyday practice of hand surgery needs to be further explored.
Introduction
Nowadays, three-dimensional (3D) surface imaging is being implemented in various health-
care and non-healthcare areas, such as anthropology, reconstructive surgery, craniofacial sur-
gery and orthodontics. One of the surface imaging techniques being used more and more is 3D
stereophotogrammetry [1,2]. Within the broad field of reconstructive surgery, it has already
found solid applications in maxillofacial surgery [3–6] and is upcoming in breast and free flap
reconstructive surgery [5,7–11]. However, 3D imaging of the hand is an unexplored field so
far. The possibilities of this technique in the clinical and pre-clinical setting are numerous, for
example using it for preoperative planning or postoperative evaluation of hand surgeries, and
for various educational purposes.
The aim of this study was to develop a noninvasive, objective and valid method of photo-
graphing the hand using 3D stereophotogrammetry. Thereafter, making use of the standard-
ized 3D images, we started evaluation of the reproducibility and validity of newly defined soft
tissue landmarks of the hand for clinical purposes, by using our registration method on images
of the hands of men and women.
Subjects and Methods
Subjects
Seventeen adult Caucasian individuals (4 male, 13 female; mean age 39.1 years, range 26–64 years)
without any preexistent hand deformities were randomly selected from our departments. All
individuals gave written informed consent to participate in this study. Approval by a medical
ethics review board was not obtained, since the digital photography method used was previously
described by the review board as not invasive or harmful. This study was conducted in compliance
with theWorld Medical Association Declaration of Helsinki on medical research ethics. 3D photo-
graphs of both the left and right hand were taken, resulting in a total of 34 images. The photo-
graphs were taken with the subject positioned as shown in Fig 1. The individual in this figure has
given written informed consent (as outlined in PLOS consent form) to publish these case details.
Imaging methods
For every individual, 3D photographs were captured at two different time points (baseline T0
and one week later T1). The 3D photographs were captured with a 3D stereophotogrammetri-
cal camera setup and the software programModular System v1.0 (3dMDface System, 3dMD,
Atlanta, USA). The camera setup consisted of five pods, each equipped with three digital cam-
eras and a flash. Prior to its use, the camera was calibrated to define a 3D coordinate system for
the 3D photograph, which was referred to as the original 3D coordinate system [12,13]. The
3D photographs were taken with each individual seated with the arm in a 90 degree flexion
in the elbow joint and the hand kept in a pre-designed template with the fingers in a fully
spreaded, upright position (Fig 1). In order to achieve exact images of both the palmar and dor-
sal aspect of the hand, the template was removed by an assistant, directly before the photograph
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was taken. The patient was instructed not to move the hand to another position and to keep it
absolutely still after removal of the template.
Reproducibility of the 3D photographs
The 3D photographs of the left and right hand of the same individual acquired at different time
points were registered using the Iterative Closest Point (rigid registration) algorithm [14].
Fig 1. 3D stereophotogrammetrical camera alignment. Example of the three-dimensional
stereophotogrammetrical camera alignment.
doi:10.1371/journal.pone.0136710.g001
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After registration the difference between the two surfaces was calculated as an error or distance
map indicating the amount of similarity between the registered surfaces. This distance map
computes the difference (Euclidean distance) between the 3D photographs on a large number
of points and is an objective measure for the reproducibility of the acquired 3D photographs.
The absolute mean value as well as the 50th and 90th percentile of the registration error were
computed in millimeters.
Apart from the distance map of the complete 3Dmodel of the hand, a distance map was calcu-
lated of only the palm of the hand. Hereby it was possible to investigate whether the palm is a
more rigid region compared to the individual fingers which have more variables of free movement.
For the distance map of the palm of the hand, the 50th and 90th percentiles were computed.
Landmarks and registration
After investigating the reproducibility of the image acquisition method, anatomical landmarks
were placed on each of the 34 photographs according to the method developed by Hoevenaren
et al. [15]. These landmarks could then be used for comparing different hands and to compute
an average hand model. In order to compare different hands and compute an average hand,
the landmark sets of all 17 left hands and 17 right hands were registered using two different
registration methods.
Method 1. The first registration method was a general Procrustes registration of the com-
plete landmark set of either the left or right hand images. At first, one of the landmark sets is
randomly selected as a reference set. Towards this set, all other landmark sets are registered by
matching the similar landmarks in each set. After completing this registration an average hand
surface model can be computed. Thereafter, this complete process of matching similar land-
marks of each set is repeated, now using the newly created average hand as reference set for the
registration procedure. After complete registration, a new average hand surface model is
computed.
Method 2. The second method uses an adapted version of the Iterative Closest Point algo-
rithm in which the hand is divided into different anatomical sub regions namely the palm of
the hand, the thumb, the index finger, middle finger, ring finger and the little finger. All differ-
ent sets were then registered with a randomly selected reference set, resulting in a computed,
average hand. Also in this method, the complete procedure was repeated with the average hand
performing as the reference set (see method 1).
For both registration methods the RMS error was calculated as a measure of precision of the
computed model. The reproducibility of method 1 and method 2 were evaluated using the
paired t-test. Statistical analyses were performed with the IBM SPSS software program, version
20.0 for Windows (IBM Corp., Armonk, NY, USA). The level of significance for all statistical
analyses was set at 5%.
Comparison of Male and Female Hands
Using the described registration methods, it was now possible to register the hands of different
subjects in a clinical setting. As a pilot study, the average hand of five male and five female sub-
jects were calculated and compared.
Results
Reproducibility
The absolute mean registration error for the complete hand was 1.37 mm. The 50th and 90th
percentile of the registration error were respectively 0.97 mm and 2.95 mm for the complete set
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of hands. Isolating the region to the inside of the hand, the absolute mean error was reduced to
0.56 mm. The 50th and 90th percentile of the registration error were respectively 0.47 mm and
1.11 mm for the isolated region of the hand palm. The registration errors indicating the repro-
ducibility of the image acquisition method are illustrated in Fig 2.
Calculation of average hands
For the registration of method 1 a RMS error of 0.94 mm was found. For method 2, in which
the fingers were registered as separate models the RMS error decreased to 0.42 mm. The varia-
tion of registered landmark sets could also be illustrated. Fig 3 illustrates the average landmark
set and ellipsoids which are calculated as two times the standard deviation.
Fig 2. Registration errors. The registration errors indicating the reproducibility of the image acquisition method are illustrated here. Reproducibility of 3D
images with deviation on vertical axes in millimeters and on horizontal axes the measured hands. H1L is the first left hand, H1R is the first righ hand, etcetera.
The mean deviations of registration on the complete hand and on the palm of the hand are respectively 1,46 mm and 0,56 mm.
doi:10.1371/journal.pone.0136710.g002
Fig 3. Landmarks and ellipsoids. Comparison of General method and Hands method. Illustrated are the
average landmark set and ellipsoids which are calculated as two times the standard deviation.
doi:10.1371/journal.pone.0136710.g003
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Comparison between male and female hands
The male and female hands were compared using method 2. An illustration of the difference
between the male and female average hands can be found in Fig 4. In general the male hand is
larger (broader base and longer fingers) than the female hand.
Discussion
With the advent of digital technology, digital photography has become an increasingly important
tool in reconstructive surgery, in particular in maxillofacial surgery [16]. With the introduction
of systems such as the 3dMDface System (3dMD LLC, Atlanta, USA), Di3D (Dimensional Imag-
ing, Glasgow, UK) and 3D-Sensors FaceSCAN3D (3D Shape GmbH, Erlangen, Germany), the
applicability of 3D photography in daily practice has become reality. 3D stereophotogrammetry
is safe, noninvasive and able to capture superior quality ‘external surface’ 3D photographs in less
than 10 milliseconds [17]. Especially these characteristics are ideal to collect 3D data even of
hands of young children or elderly patients. After processing the data, an exact digital model of
the patients hand is created which can be used in a clinical setting immediately.
In the complex field of hand surgery, 3D photography is not yet being used in clinical set-
tings as far as we know. However, the hand is a complex anatomic part of the body and its inju-
ries are very incapacitating for the patient, making precise planning of every hand surgery
procedure and predicting its outcome necessary in obtaining a satisfying postoperative result
for both patient and doctor.
3D imaging
At present, the gold standard in imaging soft and bony tissues of the hand are computed
tomography (CT) data or magnetic resonance imaging (MRI) scan images with their known
Fig 4. Comparison of male and female hands. Illustration of the differences between the male (in green)
and female (in red) average hands.
doi:10.1371/journal.pone.0136710.g004
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side effects [18–20]. However, these techniques do not produce a real-life image of the outer
surface of the hand. The shortcomings of CT and MRI scan images have caused a search for a
minimally invasive 3D imaging technique, which could produce a realistic and exact virtual
surface model of the hand. Among others, advantages of 3D stereophotogrammetry over MRI
and CT are its non-invasiveness, lack of harmful radiation, immediate available images and
good patient tolerance [5]. Furthermore, the usage of 3D stereophotogrammetry is highly cost
effective, given the very short amount of time needed for photographing and low production
costs, compared to the time consuming CT or MRI scan images. Besides the absence of poten-
tial dangerous side effects described above, there is the possibility of patient-specific modeling.
3D imaging has the potential to precisely simulate the pre-operative experience for surgery
planning with reliable surface visualization leading to a more profound understanding of the
anatomical structures to be reconstructed and therefore improved final surgery outcome.
The aim of this study was to develop a noninvasive, objective and valid method of photo-
graphing the hand using 3D stereophotogrammetry. Furthermore, we evaluated the reproduc-
ibility and possibility of computing an average hand and using it in a clinical pilot.
3D stereophotogrammetry
A review of literature showed there is no information on the reproducibility and validity of 3D
hand photography yet. Earlier studies were performed to investigate the precision of 3D stereo-
photogrammetry. The majority of these studies focused on reliably measuring distances
between typical anthropometric points on the 3D reconstructed images against corresponding
points on live subjects or phantom models (e.g. plaster casts) as a form of validation [12,21–
26]. Some other studies use more complex methods to obtain and analyze 3D shapes [27–29].
Kau et al., Maal et al. and Ma et al. investigated the reproducibility of several 3D acquisition
systems. Kau et al. found an RMS error of 0.4 mm using a Minolta Vivid 900 laser scanner
[30]. Maal et al. used 3D stereophotogrammetry, assessed the reproducibility and also found a
value of 0.4 mm [31]. Ma et al. found a reproducibility of their structered light system of 0.2
mm [22].
Image reproducibility
In this study two different registration methods were used, method 1 matching complete hands
and method 2 matching subregions of the hand. We found a significant higher registration
error for method 1. An explanation for this could be found in the fact that it was difficult for
the study subjects to keep their fingers completely still at time of photography. Therefore, we
designed method 2, correcting for the movement of the individual fingers.
Average hand model
Using method 2 as valid registration method, an average model of both left and right hand 3D
images was created. This method of landmark registration and matching has already found
solid applications in maxillofacial surgery. In this study, as stated above, one of the difficulties
in creating reproducible images of the hand is the movement of the individual fingers. How-
ever, we corrected this error by designing a new method of landmark based registration, match-
ing each individual finger per image and therefore creating a more precise image.
In maxillofacial surgery ‘the average face’ is an instrument often used to which other facial
images are being compared [32,33]. It is mainly being used in comparing preoperative images
of patients and predicting treatment outcome, thereby reducing operating time. In literature,
no publications exist on the average hand. Given the proven reproducibility and clinical value
of calculations based on the average face, we developed a method of creating an average hand
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model. One of the drawbacks of this study is the small population on which this model is
based. Therefore, a database of 3D hand images is being collected at the moment, created from
study subjects from different age categories.
Clinical Relevance
The possibilities of the clinical and pre-clinical use of 3D photography of the hand are numerous.
3D images could be used in pre- and postoperative hand trauma surgeries, thereby quantifying
the soft tissue loss and identifying the optimal reconstructive surgery type. Furthermore, during
follow-up after nerve injuries of the upper extremity, soft tissue volume deficiencies can be calcu-
lated, evaluating treatment results and indicating the need for revision surgery. A normative data-
base based on soft tissue data is not yet available, but needed. This database could be used among
others in growth studies of both normal child development and pathologic growth, for example
in patients with acromegaly, and in objectifying the sex-specific differences of the hand.
Using the landmark based registration method 2, we describe the first clinical pilot with this
study. Though a very small population, we confirmed the reliable use of the method calculating
differences in hands of both men and women. Further research with a larger study population
is necessary to validate the advanced clinical use.
Besides its use in clinical practice, the developed 3D hand model can be used for various
educational purposes. Computer-assisted learning has been widely established in medical anat-
omy learning, since it facilitates obtaining anatomic knowledge in a flexible and efficient way
[34–40]. With medical imaging quickly becoming a more cost-effective source for clinical and
pre-clinical training, a growing number of 3D models for different anatomic regions are being
developed [40–43]. Since 3D photography produces precise images and reconstructions of the
human body, these models support comprehension of spatial anatomy in diagnostic and surgi-
cal interventions [9,41,42,44,45].
Also, 3D real-life models based on 3D stereophotogrammetry could be used for exact simu-
lation in surgical resident training, increasing the knowledge of the difficult anatomical areas of
the human body and therefore improving the quality of teaching [6,39,46].
In addition, there is an application in forensic medicine, where with the aid of a database, skin
reconstructions can be created out of osseous parts of the hand for identification purposes [47].
Since the hand is not a static anatomical structure and precise finger movement is one of its
main functions, our future research focuses among others on combining 3D techniques with
CT data. Recently, the possibility of creating fusion images with CT data is extensively being
used for even more precise planning and predicting treatment outcome [9,48,49]. In conclu-
sion, this study shows that 3D stereophotogrammetry produces precise and reproducible 3D
images of the hand. This proves 3D photography to be a reliable method for soft tissue analysis.
Its potential use in everyday practice of hand surgery and the concept of fusing 3D photogra-
phy images with radiologic images of the interior hand structures needs to be further explored.
Author Contributions
Conceived and designed the experiments: IAH JM EK TJJM. Performed the experiments: EK
TJJM. Analyzed the data: EK TJJM AFJH. Contributed reagents/materials/analysis tools: SJB.
Wrote the paper: IAH TJJM. Final approval: DJOU SJB.
References
1. Mozzo P, Procacci C, Tacconi A, Martini PT, Andreis IAB. Original article A new volumetric CT machine
for dental imaging based on the cone-beam technique : preliminary results. Eur Radiol. 1998; 1564:
1558–1564.
Stereophotogrammetry for Developing a 3D Hand Model
PLOS ONE | DOI:10.1371/journal.pone.0136710 September 14, 2015 8 / 11
2. Ibrahim AE, Sarhane KA, Baroud JS, Atiyeh BS. Robotics in plastic surgery, a review. Eur J Plast Surg.
2012; 35: 571–578. doi: 10.1007/s00238-012-0737-8
3. Plooij JM, Swennen GRJ, Rangel FA, Maal TJJ, Schutyser FAC, Bronkhorst EM, et al. Evaluation of
reproducibility and reliability of 3D soft tissue analysis using 3D stereophotogrammetry. Int J Oral Maxil-
lofac Surg. 2009; 38: 267–73. doi: 10.1016/j.ijom.2008.12.009 PMID: 19167191
4. Hoehnke C, Eder M, Papadopulos NA, Zimmermann A, Brockmann G, Biemer E, et al. Minimal inva-
sive reconstruction of posttraumatic hemi facial atrophy by 3-D computer-assisted lipofilling. J Plast
Reconstr Aesthet Surg. 2007; 60: 1138–44. doi: 10.1016/j.bjps.2007.01.068 PMID: 17369008
5. Kovacs L, Eder M, Hollweck R, Zimmermann A, Settles M, Schneider A, et al. Comparison between
breast volume measurement using 3D surface imaging and classical techniques. Breast. 2007; 16:
137–45. doi: 10.1016/j.breast.2006.08.001 PMID: 17029808
6. Kovacs L, Zimmermann A, Wawrzyn H, Schwenzer K, Seitz H, Tille C, et al. Computer aided surgical
reconstruction after complex facial burn injuries—opportunities and limitations. Burns. 2005; 31: 85–91.
doi: 10.1016/j.burns.2004.07.010 PMID: 15639371
7. Kovacs L, Eder M, Zimmermann A, Müller D, Schuster T, Papadopulos NA, et al. Three-dimensional
evaluation of breast augmentation and the influence of anatomic and round implants on operative
breast shape changes. Aesthetic Plast Surg. 2012; 36: 879–87. doi: 10.1007/s00266-012-9892-3
PMID: 22535137
8. Small KH, Tepper OM, Unger JG, Kumar N, Feldman DL, Choi M, et al. Re-defining pseudoptosis from
a 3D perspective after short scar-medial pedicle reduction mammaplasty. J Plast Reconstr Aesthet
Surg. Elsevier Ltd; 2010; 63: 346–53. doi: 10.1016/j.bjps.2008.11.023 PMID: 19091641
9. Gacto-Sánchez P, Sicilia-Castro D, Gómez-Cía T, Lagares A, Collell T, Suárez C, et al. Use of a three-
dimensional virtual reality model for preoperative imaging in DIEP flap breast reconstruction. J Surg
Res. 2010; 162: 140–7. doi: 10.1016/j.jss.2009.01.025 PMID: 19439324
10. Henseler H, Smith J, Bowman A, Khambay BS, Ju X, Ayoub A, et al. Objective evaluation of the latissi-
mus dorsi flap for breast reconstruction using three-dimensional imaging. J Plast Reconstr Aesthet
Surg. Elsevier Ltd; 2012; 65: 1209–15. doi: 10.1016/j.bjps.2012.03.043 PMID: 22525253
11. Zhang S, Pei G. Application of three-dimensional digitalized reconstruction of an anterolateral thigh flap
and an arterial dorsalis pedis flap. Microsurgery. 2007; 27: 553–9. doi: 10.1002/micr PMID: 17764093
12. Aldridge K, Boyadjiev SA, Capone GT, DeLeon VB, Richtsmeier JT. Precision and error of three-dimen-
sional phenotypic measures acquired from 3dMD photogrammetric images. Am J Med Genet A. 2005;
138A: 247–53. doi: 10.1002/ajmg.a.30959 PMID: 16158436
13. Lane C, Harrell W. Completing the 3-dimensional picture. Am J Orthod Dentofacial Orthop. 2008; 133:
612–20. doi: 10.1016/j.ajodo.2007.03.023 PMID: 18405826
14. Besl PJ, McKay ND. A Method for Registration of 3-D shapes. IEEE Transactions on Pattern Analysis
and Machine Intelligence; 1992. pp. 239–256.
15. Hoevenaren IA, Maal TJJ, Krikken E, Haan de A, Bergé S, Ulrich D. Development of a three-dimen-
sional hand model using 3D stereophotogrammetry: evaluation of landmark reproducibility. J Plast
Reconstr Aesthet Surg. 2014; doi:http://dx.doi.org/10.1016/j.bjps.2014.12.025
16. Lee S. Three-dimensional photography and its application to facial plastic surgery. Arch Facial Plast
Surg. 2014; 6: 410–4. doi: 10.1001/archfaci.6.6.410
17. Littlefield TR, Kelly KM, Cherney JC, Beals SP, Pomatto JK. Development of a New Three-Dimensional
Cranial Imaging System. J Craniofac Surg. 2004; 15: 175–181. PMID: 14704586
18. Lin EC. Radiation risk frommedical imaging. Mayo Clin Proc. Mayo Foundation for Medical Education
and Research; 2010; 85: 1142–6; quiz 1146. doi: 10.4065/mcp.2010.0260 PMID: 21123642
19. Smith-Bindman R, Miglioretti DL, Johnson E, Lee C, Feigelson HS, Flynn M, et al. Use of Diagnostic
Imaging Studies and Associated Radiation Exposure for Patients Enrolled in Large Integrated Health
Care systems. JAMA. 2013;
20. Brenner DJ, Hall EJ. Computed tomography—an increasing source of radiation exposure. N Engl J
Med. 2007; 357: 2277–84. doi: 10.1056/NEJMra072149 PMID: 18046031
21. Ayoub A, Siebert P, Moos K, Wray D, Urquhart C, Niblett T. A vision-based three-dimensional capture
system for maxillofacial assessment and surgical planning. Br J Oral Maxillofac Surg. 1998; 36: 353–
357. PMID: 9831055
22. Ma L, Xu T, Lin J. Validation of a three-dimensional facial scanning system based on structured light
techniques. Comput Methods Programs Biomed. 2009; 94: 290–8. doi: 10.1016/j.cmpb.2009.01.010
PMID: 19303659
23. Kimoto K, Garrett NR. Evaluation of a 3D digital photographic imaging system of the human face. J Oral
Rehabil. 2007; 34: 201–5. doi: 10.1111/j.1365-2842.2006.01663.x PMID: 17302948
Stereophotogrammetry for Developing a 3D Hand Model
PLOS ONE | DOI:10.1371/journal.pone.0136710 September 14, 2015 9 / 11
24. Weinberg SM, Kolar JC. Three-Dimensional Surface Imaging: Limitations and Considerations From the
Anthropometric Perspective. J Craniofac Surg. 2005; 16: 847–851. PMID: 16192867
25. Krimmel M, Kluba S, Dietz K, Reinert S. Assessment of precision and accuracy of digital surface photo-
grammetry with the dsp 400 system. Biomed Tech. 2005; 50: 45–53.
26. Weinberg SM, Naidoo S, Govier DP, Martin RA, Kane AA, Marazita ML. Anthropometric precision and
accuracy of digital three-dimensional photogrammetry: comparing the genex and 3dmd imaging sys-
tems with one another and with direct anthropometry. J Craniofac Surg. 2006; 17: 477–483. PMID:
16770184
27. Coombes A, Moss J, Linney A, Richards R, James D. A mathematical method for the comparison of
three-dimensional changes in the facial surface. Eur J Orthod. 1991; 13: 95–110. PMID: 2055258
28. Johnston DJ, Millett DT, Ayoub AF, Bock M. Are facial expressions reproducible? Cleft Palate Cranio-
fac J. 2003; 40: 291–6. doi: 10.1597/1545-1569(2003)040<0291:AFER>2.0.CO;2 PMID: 12733959
29. Okada E. Three-dimensional facial simulations and measurements: changes of facial contour and units
associated with facial expression. J Craniofac Surg. 2001; 12: 167–74. Available: http://www.ncbi.nlm.
nih.gov/pubmed/11314628 PMID: 11314628
30. Kau CH, Richmond S, Zhurov AI, Knox J, Chestnutt I, Hartles F, et al. Reliability of measuring facial
morphology with a 3-dimensional laser scanning system. Am J Orthod Dentofacial Orthop. 2005; 128:
424–30. doi: 10.1016/j.ajodo.2004.06.037 PMID: 16214622
31. Maal TJJ, van Loon B, Plooij JM, Rangel F, Ettema AM, Borstlap WA, et al. Registration of 3-dimen-
sional facial photographs for clinical use. J Oral Maxillofac Surg. Elsevier Inc.; 2010; 68: 2391–401. doi:
10.1016/j.joms.2009.10.017 PMID: 20708318
32. Bugaighis I, Tiddeman B, Mattick CR, Hobson R. 3D comparison of average faces in subjects with oral
clefts. Eur J Orthod. 2012; 8–12. doi: 10.1093/ejo/cjs060
33. Hammond P, Hutton TJ, Allanson JE, Campbell LE, Hennekam RCM, Holden S, et al. 3D analysis of
facial morphology. Am J Med Genet A. 2004; 126A: 339–48. doi: 10.1002/ajmg.a.20665 PMID:
15098232
34. Levine MG, Stempak J, Conyers G, Walters JA. Implementing and integrating computer-based activi-
ties into a problem-based gross anatomy curriculum. Clin Anat. 1999; 12: 191–8. doi: 10.1002/(SICI)
1098-2353(1999)12:3<191::AID-CA8>3.0.CO;2–5 PMID: 10340460
35. Jastrow H, Vollrath L. Teaching and learning gross anatomy using modern electronic media based on
the visible human project. Clin Anat. 2003; 16: 44–54. doi: 10.1002/ca.10062 PMID: 12486739
36. Jones DG. Reassessing the importance of dissection: a critique and elaboration. Clin Anat. 1997; 10:
123–7. doi: 10.1002/(SICI)1098-2353(1997)10:2<123::AID-CA9>3.0.CO;2-W PMID: 9058020
37. Adamczyk C, Holzer M, Putz R, Fischer MR. Student learning preferences and the impact of a multime-
dia learning tool in the dissection course at the University of Munich. Ann Anat. Elsevier; 2009; 191:
339–48. doi: 10.1016/j.aanat.2009.03.003 PMID: 19464859
38. Schittek M, Mattheos N, Lyon HC, Attström R. Computer assisted learning. A review. Eur J Dent Educ.
2001; 5: 93–100. Available: http://www.ncbi.nlm.nih.gov/pubmed/11520331 PMID: 11520331
39. Silén C, Wirell S, Kvist J, Nylander E, Smedby O. Advanced 3D visualization in student-centred medical
education. Med Teach. 2008; 30: e115–24. doi: 10.1080/01421590801932228 PMID: 18576181
40. Reeves RE, Aschenbrenner JE, Wordinger RJ, Roque RS, Sheedlo HJ. Improved dissection efficiency
in the human gross anatomy laboratory by the integration of computers and modern technology. Clin
Anat. 2004; 17: 337–44. doi: 10.1002/ca.10245 PMID: 15108341
41. Crossingham JL, Jenkinson J, Woolridge N, Gallinger S, Tait G a, Moulton C-AE. Interpreting three-
dimensional structures from two-dimensional images: a web-based interactive 3D teaching model of
surgical liver anatomy. HPB (Oxford). 2009; 11: 523–8. doi: 10.1111/j.1477-2574.2009.00097.x
42. Pommert A, Höhne KH, Pflesser B, Richter E, Riemer M, Schiemann T, et al. Creating a high-resolution
spatial/symbolic model of the inner organs based on the Visible Human. Med Image Anal. 2001; 5:
221–8. Available: http://www.ncbi.nlm.nih.gov/pubmed/11524228 PMID: 11524228
43. Trunk P, Mocnik J, Trobec R, Gersak B. 3D heart model for computer simulations in cardiac surgery.
Comput Biol Med. 2007; 37: 1398–403. doi: 10.1016/j.compbiomed.2006.11.003 PMID: 17229420
44. Sierra R, Zsemlye G, Székely G, Bajka M. Generation of variable anatomical models for surgical train-
ing simulators. Med Image Anal. 2006; 10: 275–85. doi: 10.1016/j.media.2005.11.003 PMID: 16388975
45. Giunta RE, Eder M, Machens H-G, Müller DF, Kovacs L. Autologe Fettgewebstransplantation („Struc-
tural Fat Grafting”) zur ästhetischen Verjüngung der Hand. Handchirurgie  Mikrochirurgie  Plast Chir.
2010; 42: 143–147. doi: 10.1055/s-0030-1249039
Stereophotogrammetry for Developing a 3D Hand Model
PLOS ONE | DOI:10.1371/journal.pone.0136710 September 14, 2015 10 / 11
46. Kowalczuk J, Meyer A, Carlson J, Psota ET, Buettner S, Pérez LC, et al. Real-time three-dimensional
soft tissue reconstruction for laparoscopic surgery. Surg Endosc. 2012; doi: 10.1007/s00464-012-
2355-8
47. Lefèvre P, Jan SVS, Beauthier JP, Rooze M. Hand skin reconstruction from skeletal landmarks. Int J
Leg Med. 2007; 511–515. doi: 10.1007/s00414-007-0204-4
48. Gerlach NL, Meijer GJ, Maal TJJ, Mulder J, Rangel FA, Borstlap WA, et al. Reproducibility of 3 different
tracing methods based on cone beam computed tomography in determining the anatomical position of
the mandibular canal. J Oral Maxillofac Surg. Elsevier Inc.; 2010; 68: 811–7. doi: 10.1016/j.joms.2009.
09.059 PMID: 20036043
49. Gacto-Sánchez P, Sicilia-Castro D, Gómez-Cía T, Lagares A, Collell T, Suárez C, et al. Computed
tomographic angiography with VirSSPA three-dimensional software for perforator navigation improves
perioperative outcomes in DIEP flap breast reconstruction. Plast Reconstr Surg. 2010; 125: 24–31. doi:
10.1097/PRS.0b013e3181c4948b PMID: 20048587
Stereophotogrammetry for Developing a 3D Hand Model
PLOS ONE | DOI:10.1371/journal.pone.0136710 September 14, 2015 11 / 11
